Epidemiologic studies indicate that nearly 60% of schizophrenia (SZ) patients treated with conventional antipsychotic drugs develop extrapyramidal side effects (EPS) such as parkinsonism and tardive dyskinesia. Although the prevalence of EPS has decreased due to the newer antipsychotics, EPS continue to limit the effectiveness of these medicines. Ongoing monitoring of EPS is likely to improve treatment outcome or compliance and reduce the frequency of re-hospitalization. A quantitative analysis of handwriting kinematics was used to evaluate effects of antipsychotic medication type and dose in schizophrenia patients. Twenty-seven schizophrenia patients treated with risperidone, six schizophrenia patients who received no antipsychotic medication and 47 healthy comparison participants were enrolled. Participants performed a 20-min handwriting task consisting of loops of various sizes and a sentence. Data were captured and analyzed using MovAlyzeR software. Results indicated that risperidone-treated participants exhibited significantly more dysfluent handwriting movements than either healthy or untreated SZ participants. Risperidone-treated participants exhibited lower movement velocities during production of simple loops compared to unmedicated patients. Handwriting dysfluency during sentence writing increased with dose. A 3-factor model consisting of kinematic variables derived from sentence writing accounted for 83% (r = .91) of 
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Introduction
In schizophrenia over-active fronto-striatal pathways in the brain cause the patient to indiscriminately associate thoughts with reality. Antipsychotic medications reduce the psychosis by inhibiting the transmission of dopamine throughout the fronto-striatal pathways in the brain. Conventional antipsychotics block the same dopamine receptors and produce motor disturbances such as parkinsonism. Chronic dopamine receptor blockade can lead to permanent damage to these pathways resulting in tardive dyskinesia (TD) . Epidemiologic studies indicate that nearly 60% of patients treated with conventional neuroleptic drugs develop EPS such as parkinsonism, while 20-25% of the patients develop irreversible TD (Caligiuri, Jeste, & Lacro, 2000) . These serious conditions might have been prevented if EPS could have been detected early in the management of the patient's pharmacotherapy. Careful assessment of EPS is important as current strategies for managing EPS include prophylactic use of anticholinergic medication, dose reduction, or medication switching all of which extend costs to the patient and society (Lambert, 2007) .
Observer-based rating scales continue to represent the state-of-the-art for assessing drug-induced EPS in the clinical setting. Rating the severity of EPS or parkinsonian signs requires a trained and experienced examiner. The examiner needs to engage the patient in several motor tasks involving the head, arms, and legs. However, suboptimal reliability, examiner bias, or non-linearity of observer-based severity ratings limit their use in both clinical and research settings. Furthermore, the absence of reliable and precise EPS assessment methods is partly responsible for the inability to delineate the syndrome, determine its prevalence, or evaluate the efficacy of treatment. These problems have prompted researchers to develop reliable quantitative instrumental methods for objectively assessing EPS.
For objectively quantifying EPS researchers attempted various instrumental approaches based on load cells, strain gauges, accelerometers, or electromyographs. Instrumental systems are able to measure movement abnormalities along a continuum of severity. Because of their high sensitivity, instrumental assessment can reveal subtle motor abnormalities that are below the threshold of detection by observer-based clinical evaluation, thus allowing for the potential detection of subclinical motor phenomena. Instrumental measures are more objective as they are less influenced by examiner bias or experience. While these instruments found application in the research settings, they have not been adopted for routine clinical or bedside use because they require technical expertise to install and operate. Our goal is to develop simple techniques that provide quantitative objective measurement of EPS severity that can be widely used by neurologists, psychiatrists, or psychologists in the clinical setting.
The purpose of the present study was to evaluate our new approach to assessing EPS based on quantifying handwriting movements. The use of handwriting to assess EPS was first reported by Haase (1961 Haase ( , 1978 and was adopted in more recent psychopharmacological studies (Gallucci, Phillips, Bradshaw, Vaddadi, & Pantelis, 1997; Gerken, Wetzel, & Benkert, 1991; Kuenstler, Juhnhold, Knapp, & Gertz, 1999) . Gerken et al. (1991) expressed movement size as the area encompassed by handwriting in schizophrenic patients. Treatment with antipsychotics caused a 13% reduction in handwriting area in most of the samples in 75% of the treatment non-responders, while only in 33% of the treatment responders. The authors concluded that handwriting parameters could be better suited for evaluating neurological side effects of neuroleptic medication to predict treatment response than the conventional observer-based severity rating scales. Gallucci et al. (1997) observed an association between handwriting duration consistency and medication type in their schizophrenia patients. Kuenstler et al. (1999) used positron emission tomography (PET) in schizophrenic patients before and after treatment with drugs (haloperidol, clozapine, or risperidone). They found a relationship between reduction in handwriting size (expressed by area) and dopamine D 2 receptor occupancy.
In our study, we examined whether measures of handwriting kinematics are sufficiently sensitive to the presence and severity of antipsychotic-induced EPS including parkinsonian bradykinesia and dyskinesia. We hypothesized that schizophrenia patients treated with an antipsychotic medication exhibit greater levels of impairment on measures of handwriting kinematics compared to unmedicated schizophrenia patients and healthy control participants. Furthermore, we hypothesized that severity of handwriting movement impairment is associated with dose of antipsychotic medication.
Methods

Participants
This study was a multi-site parallel group design. Seventy-four participants were recruited and tested at three sites: University of California San Diego, Minneapolis Veterans Administration Medical Center, and Indiana University School of Medicine in Indianapolis. Twenty-one risperidone-treated schizophrenia or schizoaffective disorder (hereafter referred to as schizophrenia or SZ patients), six unmedicated schizophrenia patients, and 47 normal healthy volunteers participated in this study. The medicated SZ group consisted of 11 males and 10 females with a mean (SD) age of 44.9 years (11.1) and mean illness duration of 19.0 (10.9) years. The unmedicated SZ group consisted of four males and two females with a mean age of 48.6 years (7.3) and mean illness duration of 16.2 (11.1) years. The normal healthy participant group consisted of 17 males and 30 females with a mean age of 42.0 years (10.2). Only patients treated with risperidone were included into the medicated SZ group. The six unmedicated patients served as a control group for the risperidone-medicated patients, while the normal healthy participant group served as a control for the schizophrenia patients.
Clinical tests
Psychiatric diagnoses were based on DSM-IV criteria. We used the Positive and Negative Symptom Scale (PANSS: Kay, Fiszbein, & Opler, 1987) to evaluate the severity of psychosis symptoms and the Calgary Depression Scale (CDS: Addington, Addington, & Schissel, 1990 ) to evaluate depression symptoms. For both scales, higher scores indicate more severe psychopathology. Participants from each site received the same clinical evaluation and handwriting motor assessment, using the same procedures. Each participant was assessed during a single 1-h session. They underwent an assessment of the severity and nature of psychosis. Standard observer-based rating scales were used to assess the severity of drug-induced EPS including parkinsonism (using the Simpson-Angus EPS scale, SAEPS) and TD (using the Abnormal Involuntary Movement Scale, AIMS). Table 1 shows the clinical characteristics of the two patient groups. Schizophrenia participants did not differ on measures of psychopathology, AIMS or BAS and there was a marginal trend for medicated patients to have more EPS based on SAEPS score than unmedicated patients (.05 < p < .10).
Handwriting tests
Handwriting movements were quantified using a non-inking pen with a Wacom UD 9 Â 12 digitizing tablet (30 Â 22.5 cm, sampling rate 100 Hz, RMS accuracy 0.01 cm) attached to a notebook (Caligiuri, Teulings, Filoteo, Song, & Lohr, 2006) . Participants sat at a table with the writing tablet positioned at an angle comfortable for writing. MovAlyzeR delivered visual cues to the examiner to instruct the participant on the next condition by showing a sample on paper. The handwriting procedures involved 15 task conditions: repetitive, overlaid circles, both with dominant and non-dominant hands, repetitive cursive l-loops with the dominant hand, continuous complex ''lleellee" cursive pattern with sizes 1, 2, and 4 cm, respectively produced at comfortable speeds. Each pattern contained at last 16 up and down strokes. The overlaid circles at size 2 cm were also performed with a maximum-speed instruction with the dominant non-dominant hands. Finally, a standard sentence ''Today is a nice day" was written using the dominant hand at normal speed within the 2-cm boundary. A template of two horizontal lines was used to guide the participant to write within one of the three lines with 1, 2, or 4 cm vertical size. Blocks of three trials per condition were performed in random order. Participants began the trial when prompted by the examiner and data collection began at the moment the pen came in contact with the tablet. Initiation delays, premature pen lifting lasting more than 3 s, or non-consistent performance of the writing pattern caused the program to generate an error message and the trial was redone. The handwriting assessment lasted approximately 20 min.
Handwriting data analysis
Data in both x and y coordinates were low pass filtered at 8 Hz using a sinusoidal transition band from 3.5 to 12.5 Hz (Teulings & Maarse, 1984) . Subsequently, the first, second, and third time derivatives (i.e., velocity, acceleration, and jerk, respectively) were calculated. Movements were then segmented into successive up and down strokes. Per stroke, the following variables were extracted: (1) vertical size (in cm), (2) peak vertical velocity (in cm/s), (3) normalized jerk averaged across a trial (ANJ) (Teulings, Contreras-Vidal, Stelmach, & Adler, 1997) . Higher ANJ scores indicated more dysfluent pen movements, and (4) velocity scaling (VS), defined as the slope of the linear regression across the 1-, 2-, and 4-cm conditions of the average peak velocity per stroke onto measured average vertical size per stroke (in cm/s/cm). Table 2 shows the means (and standard deviations) for the kinematic variables per group and condition. Because vertical velocity increases with vertical stroke height, mean velocities and stroke heights were calculated for the 1-, 2-, and 4-cm conditions separately. Velocity scaling was calculated using the three stoke height conditions for the overlaid circles and the two left-to-right loop patterns. We found no differences between dominant and non-dominant hands on measures of vertical size, peak velocity, velocity scaling, and normalized jerk scores for 1-, 2-, and 4-cm loops in the SZ participants; therefore, data from both hands were combined for these analyses. Data were combined across three patterns (dominant and non-dominant hands, left-to-right loops) for analysis of vertical stroke size and peak velocity for each of the 1-, 2-, and 4-cm task conditions. For the analysis of normalized jerk for each of the 1-, 2-and 4-cm task conditions, data were combined across four patterns (the previous 3 patterns plus the complex "lleellee" pattern).
Results
Group effects
The complex interaction between handedness and group for some handwriting kinematic variables was not explored in the present study. However, exploratory analyses revealed that SZ patients exhibited less asymmetry than healthy participants. In healthy participants, the asymmetry led to faster movements for the dominant compared to the non-dominant hand across all conditions tested, whereas this hand dominance effect was not observed for SZ participants.
Results from the analyses of variance (ANOVA) for the 1-cm conditions indicated significant group differences for vertical size, F(2, 219) = 8.71, p < .001, peak vertical velocity, F(2, 219) = 3.89, p < .05, and average normalized jerk, F(2, 219) = 10.30, p < .0001. Post-hoc analyses indicated that medicated patients exhibited larger normalized jerk scores and lower peak velocities than either unmedicated patients or healthy participants (p < .05). In contrast, unmedicated patients exhibited larger peak velocities than healthy control participants (p < .05). This is related to the larger stroke heights in the unmedicated patients than in the healthy participants (p < .05).
Similarly, the 4-cm conditions showed significant group differences for vertical size, F(2, 218) = 7.68, p < .001, peak vertical velocity, F(2, 218) = 4.02, p < .05, and average normalized jerk, F(2, 217) = 8.20, p < .001. Post-hoc analyses indicated that medicated patients exhibited larger normalized jerk scores than either unmedicated or healthy participants. The unmedicated patients exhibited higher vertical velocities than medicated or healthy participants. Medicated patients exhibited larger vertical stroke heights than healthy participants, though. In contrast to the 1-and 4-cm conditions, no significant group differences were found for the 2-cm conditions.
There was a significant group effect for velocity scaling, F(2, 219) = 4.42, p < .05. Post-hoc analyses indicated that medicated patients exhibited significantly lower VS scores than either unmedicated or healthy participants.
For sentence writing, we found a significant group effect, but this effect was only for peak vertical velocity, F(2, 71) = 3.42, p < .05, and average normalized jerk, F(2, 71) = 9.06, p < .001. Post-hoc analyses indicated that either patient group exhibited lower movement velocities than the healthy participants. Medicated patients exhibited higher normalized jerk scores than unmedicated or healthy participants. No significant group effects were found for the maximum-speed overlaid circles with dominant and non-dominant hands.
Figs. 1-4 show group means (with 95th confidence intervals) for each of the four kinematic variables for each handwriting conditions. Figs. 1 and 2 (vertical size and peak velocity) show that all three groups demonstrated some degree of velocity scaling (VS). Movement velocity increased in proportion to movement size. However, as shown in Fig. 3 , the VS for medicated patients was significantly lower than the VS for the unmedicated and healthy participant groups. Fig. 4 shows that average normalized jerk was consistently elevated in the risperidone-treated patients compared to the other groups. As these patient groups had the same clinical severity, these results are likely attributed to antipsychotic treatment. 
Dose effects
We examined whether the daily dose of risperidone were associated with the observer-based EPS severity ratings and in handwriting kinematic variables. Figs. 5 and 6 illustrate that, for example, Furthermore, peak vertical velocity decreased with increasing dose for the sentence condition (r = À.45, p < .05). Most clearly, average normalized jerk (ANJ) increased with dose in the sentence condition (r = .78, p < .0001). Each of these changes in kinematic variables is a sign of increased EPS.
A multiple-regression analysis indicated that these three variables together accounted for as much as 83% (r = .91) of the variability in dose, F(3, 17) = 27.27, p < .00001. In contrast, there were no significant correlations (p > .05) between the observer-based severity ratings and risperidone dose. This supports the notion that objective handwriting measures are better suited to detect dose-related EPS than the conventional clinical severity ratings. 
Discussion
This study produced several important findings. First, that risperidone-treated schizophrenia patients exhibit significant motor impairment and that these impairments can be readily quantified using a naturalistic measure of handwriting movements recorded by a digitizing tablet. Second, our results show that in a sentence-writing task, the severity of motor impairment as measured by three handwriting kinematic variables is significantly related to the average daily dose of risperidone. Specifically, decreased vertical stroke height, decreased peak vertical velocity, and increased average normalized jerk (all signs of EPS) account for 83% of the variability in daily risperidone dose. In contrast, conventional, observer-based EPS assessments appeared not able to detect differences between risperidone-medicated and unmedicated groups or a relationship with risperidone dose. These findings suggest that handwriting quantification could play a crucial role in the clinical setting when managing troublesome EPS and can offer valuable support for the clinician's decision to switch antipsychotics or alter dosage (cf. Lambert, 2007) .
Schizophrenia (SZ) patients differed from healthy participants on each of the four kinematic variables in this study (vertical size, peak vertical velocity, velocity scaling, and average normalized jerk). Specifically, SZ patients exhibited increased vertical size and peak velocity in the 1-and 4-cm loop tasks, decreased vertical velocity on the sentence task, decreased velocity scaling, and increased average normalized jerk on the 1-and 4-cm loop tasks and sentences. These findings confirm that SZ patients exhibit fine motor abnormalities as measured by handwriting kinematics.
To be useful for the assessment of medication effects, handwriting measures need to distinguish medicated from unmedicated patients. Two of our variables met this criterion. Medicated patients exhibited lower velocity scaling scores and lower movement velocities (for the 1-and 4-cm loops) than unmedicated patients. Because the medicated and unmedicated patient groups were comparable in terms of severity of psychosis and depression these differences in handwriting kinematics cannot be attributed to differences in psychopathology. Further support for the sensitivity of our handwriting procedures to detect movement abnormalities associated with antipsychotic medication comes from the strong association between handwriting kinematics during sentence production and daily dose of risperidone. In contrast, the observer-based EPS assessments appeared not sensitive to the medication status of our SZ patients, as they did not show a relationship with daily dose of risperidone.
We observed differences between unmedicated SZ patients and healthy participants on some handwriting kinematic variables (e.g., ANJ). While unmedicated SZ patients exhibited smoother handwriting movements compared to medicated patients for sentence production, their handwriting movements were more dysfluent than healthy participants confirming a mild hyperkinetic movement disorder. These findings are in agreement with the well-established reports of mild EPS (particularly of the hyperkinetic form) among unmedicated and never-medicated SZ patients (Cortese et al., 2005) . Previous studies have shown that 10-15% of SZ patients exhibit some form of EPS prior to exposure to antipsychotic medication while, the prevalence seems to be even higher when using the more sensitive instrumental measures (Caligiuri, Lohr, & Jeste, 1993; Cortese et al., 2005) .
The present study included 15 handwriting tasks, designed to inform us about potential effects of task complexity, handedness, magnitude of movement, and meaningfulness on performance. For the purpose of assessing medication effect, this set of 15 can be reduced to the 1-, 2-, and 4-cm loops and a sentence, each replicated 3 times. We obtained our results from the standard sentence ''Today is a nice day". We have no reasons to assume that different sentences would yield other results. These four tasks yield 4 key kinematic variables: vertical size, peak vertical velocity, velocity scaling, and average normalized jerk demonstrated to characterize increased EPS as a function of diagnosis and antipsychotic medication. On the other hand, the complex loops, overlaid circles drawn with the non-dominant hand, and overlaid circles drawn at maximum-speed appeared not useful for the quantification of EPS.
The present study forms a first step towards identifying key variables that distinguish SZ patients from healthy participants, medicated from unmedicated patients, and different dosages of risperidone. Follow-up studies will be needed to further establish that handwriting movement measures can help identify patients at risk of developing EPS. Longitudinal studies that follow patients throughout changes in medication are ongoing and will help address the question of whether handwriting quantification can detect change in medication-induced EPS.
